Carnitine is an essential cofactor in the transport of long-chain fatty acids into the mitochondrial matrix and plays an important role in energy production via b b-oxidation. Vitamin C (VC) has long been considered a requirement for the activities of two enzymes in the carnitine biosynthetic pathway, i.e., 6-N-trimethyllysine dioxygenase and g g-butyrobetaine dioxygenase. Our present study using senescence marker protein-30 (SMP30)/gluconolactonase (GNL) knockout (KO) mice, which cannot synthesize VC in vivo, led to the conclusion that this notion is not true. After weaning at 40 d of age, SMP30/GNL KO mice were fed a diet lacking VC and carnitine, then given water containing 1.5 g/l VC (VC(؉) mice) or no VC (VC(؊) mice) for 75 d. Subsequently, total VC and carnitine levels were measured in the cerebrum, cerebellum, liver, kidney, soleus muscle, extensor digitorum longus muscle, heart, plasma and serum. The total VC levels in all tissues and plasma from VC(؊) SMP30/GNL KO mice were negligible, i.e., Ͻ2% of the levels in SMP30/GNL KO VC(؉) mice; however, the total carnitine levels of both groups were similar in all tissues and serum. In addition, carnitine was produced by incubated liver homogenates from the VC-depleted SMP30/GNL KO mice irrespective of the presence or absence of 1 mM VC. Collectively, these results indicate that VC is not essential for carnitine biosynthesis in vivo.
Therefore, carnitine depletion causes a failure of ATP production and an accumulation of triglycerides in tissues such as the liver, skeletal muscle and heart. [4] [5] [6] Animal tissues contain relatively large amounts of carnitine with the highest concentrations in heart and skeletal muscle. 7) Although animals obtain carnitine primarily from the diet, carnitine is also synthesized by most mammals but is not degraded in the body. Carnitine homeostasis in mammals is maintained by a modest rate of endogenous synthesis, absorption from dietary sources, efficient reabsorption in the kidney and mechanisms present in most tissues that establish and maintain substantial concentration gradients between intracellular and extracellular carnitine pools. 8) Carnitine is synthesized ultimately from the amino acids lysine and methionine. [9] [10] [11] [12] [13] [14] In some proteins (histones, myosin, calmodulin, and actin), lysine residues are trimethylated on the 4-amino group by specific methyltransferases that use S-adenosyl-L-methionine as the methyl donor 15) (Fig.  1) . After lysosomal degradation of these proteins, free 6-Ntrimethyllysine (TML) 6) becomes available for carnitine biosynthesis. Four enzymatic steps are required to synthesize carnitine, and the first and last steps are catalyzed by 6-Ntrimethyllysine dioxygenase (TMLD, EC 1.14.11.8) and gbutyrobetaine dioxygenase (g-BBD, EC 1.14.11.1), respectively. TMLD hydroxylates TML on the 3-position to yield 3-hydroxy-TML (HTML), 16) and g-BBD hydroxylates g-butyrobetaine (g-BB) on the 3-position to yield carnitine. 17) Both TMLD and g-BBD are dioxygenases; hydroxylation of their substrates is coupled to the conversion of 2-oxoglutarate and molecular oxygen to succinate and carbon dioxide. In addition, the TMLD protein shows high homology to the g-BBD protein, although they appear to belong to separate subfamilies of the 2-oxoglutarate-dependent dioxygenases.
3) TMLD is associated predominantly with mitochondria, 18, 19) whereas g-BBD is localized in the cytosol. 20, 21) Although g-BBD activity has been detected in kidneys from humans, cats, cows, hamsters, rabbits and Rhesus monkeys at equal or higher levels than that in the liver, the activity was not detectable or detected at very low levels in kidneys from Cebus monkeys, sheep, dogs, guinea pigs, mice and rats, in which g-BBD activity predominates in the liver. [22] [23] [24] In 1962, Lindstedts 25) first showed that g-BBD is stimulated considerably by 2-oxoglutarate and that the enzyme requires molecular oxygen, reduced iron (Fe 2ϩ ) and vitamin C (VC, L-ascorbic acid) for enzyme activity. Therefore, many studies reported the enhancement of g-BBD and TMLD activity upon the addition of VC in a dose-dependent manner using tissue extracts or partially purified enzymes. [18] [19] [20] [21] [22] [26] [27] [28] In the absence of VC, however, g-BBD activity was detected by adding glutathione peroxidase and glutathione (GSH) to the reaction mixture, 29) although this test was not performed for TMLD.
To ascertain the necessity of VC for g-BBD and TMLD activity in carnitine biosynthesis, researchers used guinea pigs that, like humans, cannot synthesize VC in vivo. Many reports indicated that carnitine levels, especially in tissues where carnitine is the most abundant such as the heart and skeletal muscle, decreased significantly when the animals became depleted in VC. Since then, VC has been deemed essential for g-BBD and TMLD activity. [30] [31] [32] However, in 1990 Alkonyi et al. 33) reported that an increase in urinary excretion contributed greatly to a carnitine deficiency in guinea pigs during states of VC deficiency and starvation. Rebouche 34) also reported that the carnitine depletion related to a VC deficiency results from a decrease in carnitine reabsorption. Thus, since the VC status of such animals influences their urinary excretion of carnitine, guinea pigs are not appropriate subjects for use in studies of carnitine biosynthesis to determine the involvement of VC.
Recently we have established senescence marker protein 30 (SMP30)/gluconolactonase (GNL) knockout (KO) mice, which are incapable of synthesizing VC in vivo, because SMP30/GNL is involved in the VC biosynthetic pathway. 35) SMP30/GNL KO mice are actually subject to scurvy when fed a VC-deficient diet. 35) Therefore, in this study, we used VC-depleted SMP30/GNL KO mice to determine the necessity of VC for carnitine biosynthesis in vivo and in vitro. The VC(ϩ) group had free access to water containing VC (1.5 g/l) and 10 mM EDTA, whereas the VC(Ϫ) group had free access to water without VC. Water bottles were changed every 3 or 4 d until the experiment ended. After weaning, all mice were fed a VC-and carnitinedeficient diet (CLEA-purified diet; CLEA Japan, Tokyo, Japan), the composition of which is listed in Table 1 .
MATERIALS AND METHODS

Animals
Throughout the experiments, animals were maintained on a 12-h light/dark cycle in a controlled environment. All experimental procedures using laboratory animals were approved by the Animal Care and Use Committee of the Tokyo Metropolitan Institute of Gerontology. Measurement of VC VC in tissues and plasma was measured by a high-performance liquid chromatography (HPLC)-electrochemical detection (ECD) method. Tissues were homogenized in 14 volumes of 5.4% metaphosphate and centrifuged at 21000 g for 10 min at 4°C. Plasma was mixed with nine volumes of 20% metaphosphate and centrifuged at 21000 g for 10 min at 4°C. The supernatants obtained were kept at Ϫ80°C until use. Samples were analyzed by HPLC using an Atlantis dC18 5 mm column (4.6ϫ150 mm, Nihon Waters, Tokyo, Japan). The mobile phase was 50 mM phosphate buffer (pH 2.8), 0.2 g/l EDTA, 2% methanol at flow rate of 1.3 ml/min, and electrical signals were recorded by using an electrochemical detector with a glassy carbon electrode at ϩ0.6 V. 37, 38) Measurement of Total Carnitine Tissues were homogenized in 100 volumes of 0.14 M NaCl and centrifuged at 9600 g for 10 min at 4°C. Serum was centrifuged at 9600 g for 10 min at 4°C. The supernatants obtained after centrifugation were kept at Ϫ80°C until use. The total carnitine TMABA is oxidized to g-BB by 4-N-trimethylaminobutyraldehyde dehydrogenase. In the last step, g-BB is hydroxylated to L-carnitine by g-BBD. In the present study, we found VC is not an essential cofactor for the activation of g-BBD and TMLD in the carnitine biosynthesis pathway.
(acyl carnitine plus free carnitine) levels in tissues and serum were measured by using an enzyme cycling method with carnitine dehydrogenase. 39) For this, Total Carnitine Kainos (Kainos Laboratories, Tokyo, Japan) was used.
Measurement of Carnitine Urinary Excretion For measurement of carnitine excreted into urine, a mouse was housed in a metabolic cage, and urine was collected for 24 h in a bottle containing mineral oil to prevent evaporation. This urine was centrifuged at 21000 g for 10 min at 4°C and kept at Ϫ80°C until use. The total carnitine (acyl carnitine plus free carnitine) levels in urine were measured using Total Carnitine Kainos. Creatinin levels in urine were measured using a Creatinin Test Wako kit (Wako Pure Chemical, Osaka, Japan) according to the manufacturer's instruction, and carnitine levels were normalized by creatinin value.
In Vitro Carnitine Biosynthesis Assay After SMP30/ GNL KO mice were weaned at 40 d of age, they were fed a carnitine-and VC-deficient diet and water without VC for 75 d. These mice were then sacrificed; their livers and kidneys were collected and homogenized in 10 mM Tris-HCl (pH 7.6) containing 1 mM phenylmethylsulfonyl fluoride. For the carnitine biosynthesis assay, the homogenates were incubated in the presence or absence of 1 mM VC at 37°C for 15, 30, 45, 60, and 90 min. The reaction was stopped by immediate transfer of sample tubes into an ice water bath, and the samples were quickly frozen on dry ice. For the measurement of VC, aliquots of the reaction mixtures were mixed with an equal volume of 10% metaphosphate, and the VC levels were measured by the HPLC-ECD methods described above. For the measurement of carnitine, aliquots of the reaction mixtures were centrifuged at 21000 g for 10 min at 4°C, and the total carnitine levels in the supernatants were measured by using Total Carnitine Kainos. The protein concentration was determined by the BCA protein assay (Pierce Biotechnology, Inc., Rockford, IL, U.S.A.) using bovine serum albumin as a standard.
Measurement of Glutathione (GSH)
The GSH levels in tissues and plasma were measured by HPLC. 40) Tissues were homogenized in nine volumes of 1 M perchloric acid (PCA) and centrifuged at 21000 g for 30 min at 4°C. Plasma samples were mixed with one volume of 1 M PCA and centrifuged at 21000 g for 10 min at 4°C. The supernatants obtained were kept at Ϫ80°C until use. The GSH in samples was analyzed by HPLC, using a Sun Fire column (4.6ϫ150 mm, Nihon Waters, Tokyo, Japan). The mobile phase was 0.1 M sodium perchlorate monohydrate, 5% acetonitrile, 0.05% trifluoroacetate at a flow rate of 0.5 ml/min, and the absorbance at 220 nm was recorded.
Statistical Analysis Results are expressed as meansϮ S.E.M. The probability of statistical differences between experimental groups was determined by Student's t-test or ANOVA as appropriate. For one-and two-way ANOVAs, we used KaleidaGraph software (Synergy Software, Reading, PA, U.S.A.). Statistical differences were considered significant at pϽ0.05.
RESULTS
Body Weight Change
To investigate, the effect of VC on growth, we compared one group of SMP30/GNL KO mice fed drinking water containing 1.5 g/l VC [VC(ϩ)] with an identical group given water without VC [VC(Ϫ)]. The VC(Ϫ) mice initially gained weight to the same degree as the VC(ϩ) mice. However, the mean body weight of VC(Ϫ) SMP30/GNL KO mice gradually decreased starting at 40 d after weaning (Fig. 2) . The mean body weights of the VC(ϩ) and VC(Ϫ) KO mice at 70 d after weaning were 35.2Ϯ1.7 g and 23.9Ϯ1.9 g, respectively, the weight of VC(Ϫ) KO mice being less by 32% than that of VC(ϩ) KO mice. Mean water consumption during the experiment was not significantly different between the two groups, i.e., 3.6Ϯ0.3 ml/d/mouse for VC(ϩ) KO mice and 3.2Ϯ0.5 ml/d/mouse for VC(Ϫ) KO mice. Throughout the experiment, the increase with time in body weight of VC(ϩ) SMP30/GNL KO mice was similar to those of VC(ϩ) and VC(Ϫ) WT mice that were tested for comparison. ND ND, not detectable. Data from CLEA Japan, Tokyo, Japan. a) VC and total carnitine were measured as described in Materials and Methods.
Total VC and Carnitine Levels in Tissues after VC Depletion
To examine the VC status in the VC(Ϫ) SMP30/GNL KO mice, we determined the quantity of VC in the cerebrum, cerebellum, liver, kidney, soleus muscle, extensor digitorum longus (EDL) muscle, heart and plasma at 75 d after weaning. The VC levels in all these tissues and plasma from VC(Ϫ) SMP30/GNL KO mice were Ͻ2% of the values obtained for the VC(ϩ) SMP30/GNL KO mice (Fig. 3) . Most of the latter values were similar to those of VC(ϩ) and VC(Ϫ) WT mice. However, in the liver, kidney and plasma, VC levels of VC(ϩ) mice were approximately half of those in the VC(ϩ) and VC(Ϫ) WT mice.
Total carnitine (acyl carnitine plus free carnitine) levels in the cerebrum, cerebellum, liver, kidney, soleus muscle, EDL muscle, heart and serum at 75 d after weaning are shown in Fig. 4 . No significant difference was noted in any of these tissues from VC(Ϫ) and VC(ϩ) SMP30 KO mice. Moreover, the total carnitine levels of these two groups were not significantly different from those observed for VC(Ϫ) and VC(ϩ) Urinary Carnitine Excretion upon VC Depletion Rebouche 34) reported that carnitine depletion in VC-deficient guinea pigs results from the decreased efficiency of carnitine reabsorption in kidney. To examine whether a VC deficiency influences urinary excretion of carnitine in SMP30/GNL KO mice, we measured the urinary carnitine from VC(Ϫ) SMP30/GNL KO mice and their VC(ϩ) counterparts. At 30 and 80 d after weaning, both groups were evaluated for total carnitine levels in 24-h urine samples (Fig. 5) , but no significant difference was found. The urinary carnitine contents of VC(Ϫ) and VC(ϩ) WT mice were also similar.
In Vitro Carnitine Biosynthesis Assay For this assay, we used liver and kidney homogenates originating from VC(Ϫ) SMP30/GNL KO mice at 75 d after weaning. Liver homogenates contained endogenous enzymes for carnitine biosynthesis and had no detectable level of VC. When the liver homogenates were incubated at 37°C, the concentration of carnitine increased time-dependently for 60 min and then gradually decreased (Fig. 6A) . Addition of 1 mM VC did not affect the course of that carnitine formation. On the other hand, the carnitine levels in kidney homogenates were not changed until 90 min of culture even when VC was added (Fig. 6B) . To validate this assay system, we heated liver homogenates at 95°C for 5 min and then performed the carnitine biosynthesis assay. However, the carnitine levels did not change at all during incubation for 120 min (Fig. 6C) .
Tissue GSH Levels after VC Depletion GSH levels were then compared in the liver, soleus muscle, heart and serum from all four groups of test mice at 75 d after weaning. In livers from VC(Ϫ) SMP30/GNL KO mice, amounts of GSH were increased by 44.5%, 32.8% and 30.8%, respectively, above levels in livers from VC(ϩ) SMP30/GNL KO, VC(ϩ) WT and VC(Ϫ) WT mice, but the differences among the four groups were not statistically significant (Fig. 7) . On the other hand, GSH levels in the soleus muscles and plasma from VC(Ϫ) SMP30/GNL KO mice were 30.8% and 45.5%, respectively, lower than in VC(ϩ) SMP30/GNL KO mice, although the GSH content in heart tissues from VC(Ϫ) SMP30/GNL KO mice were not changed when compared to the other three groups.
DISCUSSION
Despite the traditional belief that VC is an essential cofactor for the activation of g-BBD and TMLD in the carnitine biosynthesis pathway in vivo, results from the present study using VC-depleted SMP30/GNL KO mice challenge this assumption. Our conclusion to the contrary stems from experiments presented here in which these VC(Ϫ) SMP30/GNL KO mice successfully produced carnitine despite the animals' VC insufficiency.
SMP30 is an age-associated protein that decreases with aging in the liver, kidney and lungs in an androgen-independent manner. [41] [42] [43] SMP30 was first discovered in 1992 by Fig. 7 . GSH Levels in the Liver, Soleus Muscle, Heart and Plasma from VC(ϩ) and VC(Ϫ) Groups from WT and SMP30/GNL KO Mice using a proteomic analysis that compared soluble proteins from the livers of young and old rats. 41) Although the decreased expression of SMP30 during aging was immediately apparent, the physiological functions of SMP30 remained obscure for more than ten years. 44) To resolve this issue, we developed SMP30 KO mice by gene targeting. 36) During subsequent experiments performed in vivo and in vitro, SMP30 KO mice proved far more susceptible to TNF-a-and Fas-mediated apoptosis than their WT counterparts 36) and showed abnormal accumulations of lipids including triglycerides, cholesterol and phospholipids in the liver. 45, 46) Recently we found that SMP30 is a GNL involved in the VC biosynthetic pathway. Further study showed that SMP30/GNL KO mice could not synthesize VC in vivo and that they developed symptoms of scurvy when fed a VC-deficient diet. 35) The SMP30/GNL KO mice used here were fed a VC-and carnitine-deficient diet (Table 1 ) and water containing no VC for 75 d after weaning, which began when the animals were 40-d-old. Initially, these VC(Ϫ) SMP30/GNL KO mice grew as well as matching VC(ϩ) mice as evident from their increased body weight for the first 40 d followed by a gradual decrease (Fig. 2) . After another 30 d, the VC(Ϫ) KO mice weighed 32% less than the VC(ϩ) controls given supplementary VC. Additionally, multiple tissues and plasma of the SMP30/GNL KO mice had less than 2% the VC content of VC(ϩ) SMP30/GNL KO, VC(ϩ) WT and VC(Ϫ) WT mice (Fig. 3) . However, total carnitine levels in various tissues and serum unexpectedly showed no difference among these four groups (Fig. 4) . The abundance of carnitine in the heart and skeletal muscle has been attributed to these tissues' production of energy via b-oxidation from long-chain fatty acids for muscle expansion. 7) In mammals, carnitine homeostasis is maintained by adsorption from dietary sources, endogenous synthesis and efficient tubular reabsorption by the kidney. In vivo, VC depletion in tissues and plasma may be a manifestation of the inhibitory effects of carnitine excretion from tissues and an increase in the efficiency of tubular reabsorption from the kidney. To examine the effects of VC depletion and carnitine deficiency on the urinary excretion of carnitine, we measured total carnitine levels in urine collected for 24 h periods at 30 and 80 d after feeding of a VC-and carnitine-deficient diet. However, the total carnitine levels in urine were quite similar in all four groups of test mice at those time intervals (Fig. 5) . These results denote that the VC deficiency in tissues and plasma had no influence on the urinary carnitine excretion of SMP30/GNL KO mice.
However, many reports indicate that tissue carnitine levels are significantly decreased in VC-depleted guinea pigs in vivo. [30] [31] [32] Alkonyi et al. 33) reported that an increase of urinary excretion greatly contributed to the loss of carnitine in guinea pigs during states of VC deficiency and starvation. Rebouche 34) also stated that carnitine depletion in VC-deficient guinea pigs resulted from a decreased efficiency of carnitine reabsorption in their kidneys. These reports strongly assert that subnormal levels of VC in various tissues of VCdepleted guinea pigs were caused by a rise in urinary carnitine excretion. If so, guinea pigs cannot be used to determine the involvement of VC in carnitine biosynthesis. In the present study the amount of carnitine excreted in the urine of SMP30/GNL KO mice was no different in samples from VCdepleted versusVC-supplemented animals (Fig. 5) . Although the difference between guinea pigs and SMP30/GNL KO mice is still unclear, SMP30/GNL KO mice are a far more suitable animal model for determining the necessity of VC in carnitine biosynthesis.
We further examined carnitine biosynthesis by using VCdepleted liver and kidney tissues from SMP30/GNL KO mice. Humans, cats, cows, hamsters and rabbits can synthesize carnitine in the liver and kidney because they have g-BBD activity in those tissues; however, mice, rats, sheep, dogs and guinea pigs synthesize carnitine only in the liver, because their kidneys lack g-BBD activity entirely or contain only very low levels. [22] [23] [24] In the present study of liver homogenates from VC-depleted SMP30/GNL KO mice with and without 1 mM VC, there was no difference in carnitine production (Fig. 6A) . In addition, no carnitine production was detectable in the kidney samples according to the same assay system (Fig. 6B) . These results strongly suggest that VC is not essential for carnitine biosynthesis in vitro. Vlies et al. 24) reported that both TMLD and g-BBD activities were reduced when VC was removed from their complete assay mixture in vitro. However, Punekar et al. 29) observed a small amount of carnitine synthesis, but not VC, in the presence of GSH, in their assay mixture. Further, a combination of GSH and glutathione peroxidase yielded a large amount of carnitine synthesis, suggesting that GSH may effectively replace VC in the carnitine biosynthetic pathway. In the present study, in the livers from our VC(Ϫ) SMP30/GNL KO mice, GSH levels were higher by 31 to 45% than in those from the other three groups tested, although the difference was not statistically significant (Fig. 7) . Conversely, GSH levels in soleus muscles and plasma of VC(Ϫ) SMP30/GNL KO mice were lower than that from the other three groups. The low GSH levels in soleus muscles and plasma of VC(Ϫ) SMP30/GNL KO mice supposed that GSH is utilized to carnitine synthesis in the liver and consequently decreased distribution and storage levels in other tissues. These results reinforce the likelihood that GSH may replace VC in the carnitine biosynthetic pathway in vivo when VC is depleted in liver.
In conclusion, our results indicate that VC is not essential for carnitine biosynthesis in vivo, as verified by the clearcut presence of carnitine in VC-depleted SMP30/GNL KO mice. Additionally, GSH may compensate for VC in the event of the latter's depletion. Finally, our model of SMP30/GNL KO mice provides an optimal opportunity for investigating the necessity of VC in carnitine biosynthesis.
